In this study we examine the dynamic interrelationship in the output-energyenvironment nexus by applying panel vector autoregression (PVAR) and impulse response function analyses to data on energy consumption (and its subcomponents), carbon dioxide emissions and real GDP in 106 countries classified by different income groups over the period 1971-2011. Our results reveal that the effects of the various types of energy consumption on economic growth and emissions are heterogeneous on the various groups of countries. Moreover, causality between total economic growth and energy consumption is bidirectional, thus making a case for the feedback hypothesis. However, we cannot report any statistically significant evidence that renewable energy consumption, in particular, is conducive to economic growth, a fact that weakens the argument that renewable energy consumption is able to promote growth in a more efficient and environmentally sustainable way. Finally, in analysing the case for an inverted U-shaped EKC, we find that the continued process of growth aggravates the greenhouse gas emissions phenomenon. In this regard, we cannot provide any evidence that developed countries may actually grow-out of environmental pollution. In the light of these findings, the efficacy of recent government policies in various countries to promote renewable energy consumption as a means for sustainable growth is questioned. Put differently, there seems to be an ethical dilemma, between high economic growth rates and unsustainable environment and low or zero economic growth and environmental sustainability.
Introduction
The increasing threat of global warming and climate change has been a major, worldwide, ongoing concern for more than two decades. It was in 1995 when the Intergovernmental Panel on Climate Change (IPCC) for the first time announced that "the balance of evidence suggests that there is a discernible human influence on global climate." (IPCC, 1995, p. 22) . Nevertheless, this statement acknowledged a number of uncertain and perhaps dubious -at the time -assertions and thus, these results were treated as tentative. More recently, though, the IPCC (2014) reported that global warming is being caused by the ever increasing concentration of greenhouse gases (GHG), as well as, other anthropogenic activities. They maintain that the key factors that lead to increased GHG emissions are, among others, the economic activity and energy usage.
The link among energy consumption, emissions and economic growth has received considerable attention over the years by both policy makers and researchers, as the achievement of sustainable economic growth has gradually become a major global concern. It should also be noted that interest in this field has been further escalated due to the rather intricate character of this particular nexus, both from a theoretical and an empirical perspective.
The existing literature in this field can be classified under three strands. The first group consists of studies that investigate the causal links between energy consumption and economic growth (see, among others, Kraft and Kraft, 1978; Chiou-Wei et al., 2008; Chontanawat et al., 2008; Huang et al., 2008; Akinlo, 2009; Apergis and Payne, 2009b; Ghosh, 2009; Payne, 2010; Ozturk, 2010; Eggoh et al., 2011; Joyeux and Ripple, 2011; Chu and Chang, 2012; Dagher and Yacoubian, 2012; Abbas and Choudhury, 2013; Bozoklu and Yilanci, 2013; Dergiades et al., 2013; Yıldırım et al., 2014) . The second group of studies concentrates its attention on the relationship between economic activity and emissions (e.g. Grossman and Krueger, 1991; Dinda, 2004; Stern, 2004; Kijima et al., 2010; AlMulali et al., 2015; Furuoka, 2015; Wang and Feng, 2015b) . Finally, the third group of studies combines the two aforementioned relationships and thus uses a unified framework to identify the links among energy consumption, emissions and economic growth (e.g. Soytas et al., 2007; Ang, 2008; Apergis and Payne, 2009a; Soytas and Sari, 2009; Zhang and Cheng, 2009; Halicioglu, 2009; Wang et al., 2012b,a; Wang and Yang, 2015) .
The main conclusion among the aforementioned studies in any of these three strands of the literature is that results are contested (a point discussed in more detail in the following section). Potential explanations for the conflicting results of previous studies could be, among others, due to the different time-periods and country-sample data used, different econometric approaches and/or the omitted variables bias. In addition, the majority of these studies are based on static and not dynamic analysis, on aggregated (total) data of energy consumption and/or focus on a small group of countries.
In this study, we attempt to shed more light into the intricate and complex relationships of the energy-growth-emissions nexus by accounting for the shortcomings of the existing literature. Thus, our contributions can be summarized as follows. First, we build a very comprehensive dataset of energy consumption, economic growth and CO 2 emissions consisting of 106 countries over the period . Second, we classify countries according to their level of development (i.e. low income, lower middle income, upper middle income and high income) and control for any omitted variable bias by the inclusion of control variables typically used in the neoclassical growth theory. Third, we disaggregate total energy consumption into 5 subcategories (i.e. electricity, oil, renewable, natural gas and coal energy consumption) in an attempt to examine whether the links between energy consumption, economic growth and emissions differ among the various sources of energy consumption. Finally, and most importantly, we examine the dynamic links between our endogenous series (energy consumption, economic growth and CO 2 emissions) using a Panel Vector Auto Regression (PVAR) approach, originally developed by Holtz-Eakin et al. (1988) , along with panel impulse response functions.
1
Panel VARs have been used to address a variety of issues of interest to applied macroeconomists and policymakers, such as, business cycle convergence and cross sectional dynamics (Canova et al., 2007; Canova and Ciccarelli, 2012) , the construction of coincident or leading indicators of economic activity (Canova and Ciccarelli, 2009) , financial development and dynamic investment behavior (Love and Zicchino, 2006a) , housing price dynamics (Head et al., 2014) and exchange rate volatility dynamics (Grossmann et al., 2014) , among others.
The advantages of using a PVAR methodology relative to methods previously used to examine the relation between energy consumption, economic growth and CO 2 emissions are several. First, PVARs are extremely useful when there is little or ambiguous theoretical information regarding the relationships among the variables to guide the specification of the model. Second, and more importantly, PVARs are explicitly designed to address the endogeneity problem, which is one of the most serious challenges of the empirical research on energy consumption, economic growth and CO 2 emissions. PVARs help to alleviate the endogeneity problem by treating all variables as potentially endogenous and explicitly modeling the feedback effects across the variables. Thus, we use a generalised identification scheme in line with Koop et al. (1996) , Pesaran and Shin (1998) and Diebold and Yilmaz (2012) , in which the results are invariant to the ordering of the variables in the PVAR, unlike those under the Cholesky identification scheme. In the context of the present study, this is particularly important since it is hard, if not impossible, to justify one particular ordering between the energy consumption, economic growth and CO 2 emissions. Put differently, shocks are highly intertwined, and this feature is very well captured by the generalised PVAR framework that we employ. Third, impulse response functions based on PVARs can account for any delayed effects on and of the variables under consideration and thus determine whether the effects between energy consumption, economic growth and CO 2 emissions are short-run, long-run or both. Such dynamic effects would not have been captured by panel regressions. We thus conduct panel impulse response function analysis so as to examine both the short-run and the long-run interdependencies in the energy-growth-emissions nexus. Fourth, PVARs allow us to include country fixed-effects that capture time-invariant components that may affect energy consumption and growth, and global time effects that affect all countries in the same period. Fifth, time fixed-effects can also be added to account for any global (macroeconomic) shocks that may affect all countries in the same way. Both time and country fixed-effects are included in our analysis. Last but not least, PVARs can be effectively employed with relative short-time series due to the efficiency gained from the cross-sectional dimension.
Our findings suggest that the effects of the various types of energy consumption on eco-nomic growth and CO 2 emissions are heterogeneous across the various groups of countries and sources of energy consumption. In particular, despite causality between economic growth and energy consumption being bidirectional in the case of the full sample of countries and of total energy consumption (i.e. evidence for the feedback hypothesis), the same does not hold true for all sub-sources of energy consumption and country income groupings. For instance, the feedback hypothesis is only supported for oil energy consumption (in the lower middle, upper middle and high income countries) and to a lower extent for electricity energy consumption (only in lower middle income countries), while no significance evidence of the feedback hypothesis is documented for renewable energy, natural gas and coal energy consumption. Importantly, our findings do not point to any statistically significant evidence that renewable energy consumption in particular is conducive to economic growth, a fact that weakens the argument that renewable energy consumption is able to promote growth in a more efficient and environmentally sustainable way. Finally, in analysing the case for an environmental Kuznets curve (EKC), we find that the continued process of growth aggravates the greenhouse gas emissions phenomenon. Put differently, CO2 emissions increase with the level of development. In this regard, our findings do not provide any evidence that developed countries may actually grow-out of environmental pollution.
In the light of these findings, the efficacy of recent government policies in various countries to promote renewable energy consumption as a means for sustainable growth is questioned. At the same time, it puts forward the argument that perhaps decisions should be made not on the basis of how developed societies may sustain current levels of growth by employing renewable energy consumption strategies (as this might in fact be an infeasible approach in the long run), but rather, to concentrate on more communally just ways and ideas of social conduct such as the ones endorsed by the process of degrowth or a-growth. Put differently, there seems to be an ethical dilemma, between high economic growth rates and unsustainable environment and low or zero economic growth and environmental sustainability. Interesting avenues for future research might include the investigation of other pollutants in order to get a more complete picture of the effects of energy consumption and growth on the environment.
The rest of this paper is organised as follows: Section discusses the key related studies in this field. Section 3 describes the data used and the econometric models employed. Section 4 presents the empirical results. Section 5 concludes the paper and discusses potential avenues for further research.
Brief Literature Review
Although literature in this area is very crowded, the aim of this section is not to provide a comprehensive review of the related studies but rather to highlight their key findings.
In short, there are three main groups of studies under this line of research. The first group comprises those studies that investigate the causal links between energy consumption and economic growth and it was initiated by Kraft and Kraft (1978) . A rather complete review of the related literature can be found in Payne (2010) , Ozturk (2010) , Abbas and Choudhury (2013) and Yıldırım et al. (2014) . Existing work in this group of study does not provide a single interpretation to describe the aforementioned relation-ship, but rather, four alternative hypotheses: i) the growth hypothesis, ii) the conservation hypothesis, iii) the feedback hypothesis and iv) the neutrality hypothesis.
The growth hypothesis is supported when there is evidence of unidirectional causality running from energy consumption to economic growth. In such case, energy consumption plays an important direct role in the process of economic growth and/or as a complement to capital and labor, and thus energy conservation policies aiming at protecting the environment are expected to erode the process of economic growth. The conservation hypothesis is verified when there is unidirectional causality flowing from economic growth to energy consumption. If the latter hypothesis prevails, then energy conservation policies can be implemented to reduce carbon dioxide (CO 2 ) emissions and global warming without negatively affecting the process of economic growth. The feedback hypothesis postulates a bi-directional causality between energy consumption and economic growth. In this case, energy policies should be carefully regulated, as one sided policy selection is harmful for economic growth or ecological balance and budget for energy consumption. Finally, the neutrality hypothesis suggests no causality between energy consumption and economic growth, and as such, conservation policies devoted to reducing energy consumption will not have any influence on economic growth.
Studies in this area mainly focus on the total energy consumptions and on particular groups of countries (e.g. South Asia, G7, Central America, etc.), although some studies disentangle the energy usage by energy source, such as, electricity, coal, nuclear and renewables (see, for example, Chiou-Wei et al., 2008; Akinlo, 2009; Apergis and Payne, 2009b; Ghosh, 2009; Eggoh et al., 2011; Chu and Chang, 2012; Dagher and Yacoubian, 2012; Abbas and Choudhury, 2013; Bozoklu and Yilanci, 2013; Dergiades et al., 2013; Yıldırım et al., 2014) . Furthermore, there are studies that assess whether the level of development or income plays a role in the energy-growth nexus (see, inter alia, Chontanawat et al., 2008; Huang et al., 2008; Joyeux and Ripple, 2011) , reporting different results among developed and developing countries or countries that belong to different income groups.
The second group of studies concentrates its attention on the relationship between economic activity and emissions. These studies are fuelled by the Environment Kuznets Curve (EKC) hypothesis, which was developed in the 1950s and 1960s. The seminal paper by Grossman and Krueger (1991) paved the way for the empirical testing of the EKC theory and allowed numerous studies to explore linear and non-linear relationships between economic activity and emissions. Dinda (2004 ), Stern (2004 , Kijima et al. (2010 ), Furuoka (2015 and Al-Mulali et al. (2015) provide an exhaustive list of studies in this strand of the literature. Findings are once again inconclusive and country or region specific, as in the case of the energy-growth relationship.
The third group of studies combines the two aforementioned relationships and thus uses a unified framework to identify the links among energy consumptions, emissions and economic growth. Despite the fact that is a relatively new area of study (early studies in this area include those by Soytas et al., 2007; Ang, 2008; Apergis and Payne, 2009a; Soytas and Sari, 2009; Zhang and Cheng, 2009; Halicioglu, 2009 ), a wealth of literature has emerged, given its importance to policy makers. Table 1 presents some of the most recent studies.
[Insert Table 1 here] As suggested in Table 1 , it is not a surprise that even in this more holistic approach, results remain conflicting and often contradicting among the different studies. It is worth noting that the majority of these studies provide evidence based on total energy consumption and focusing on small groups of countries (e.g. ASEAN, BRICS, etc.). On a parallel note, it is perhaps not surprising that the nexus among economic activity, energy consumption and environmental waste has received considerable attention in developing economies in which the continuing development of the secondary sector has caused major environmental concerns and has stressed the necessity to identify efficient ways of energy consumption and growth (see, for example, Zhang, 2003; Wang et al., 2015; Wang and Feng, 2015a; Zhang and Wang, 2014) .
As pointed out by Stern and Common (2001) , Toman and Jemelkova (2003) , Dinda (2004) , Stern (2004) and Yang and Zhao (2014) , among others, the fact that a consensus has not been reached in any of the three strands of the literature could be due to the different data that have been used, the different econometric approaches but more importantly due to the omitted variables bias, among other reasons.
Empirical methodology

Data
In this study we collect annual data from the World Development Indicators database maintained by the World Bank 2 for real GDP per capita (in 2005 US$) and CO 2 emissions (metric tones per capita) for 106 countries (see Table 2 ) between 1971-2011. CO 2 emissions for 2011 are supplemented by Emissions Database for Global Atmospheric Research (EDGAR). In addition, we collect from the International Energy Association (IEA) for final consumption of total energy consumption along with its 5 subcomponents i) electricity, ii) oil, iii) renewable, iv) gas and v) coal energy consumption (each measured in kilotons of oil equivalent per capita) over the period 1971-2011. 3 [Insert Table 2 here] In table 2 and Figure 1 , which present the aforementioned series, it becomes clear that, overtime, economic development (indicated by higher income) is associated with an increasingly higher share of environmentally pollutant energy consumption sources. For instance, high income countries have the highest share of oil and coal energy consumption (the most pollutant energy sources), while the share of renewable energy consumption (an environmental-friendly energy source) declines as country income increases. The only exception is for gas consumption (a relatively pollutant-free source of energy consumption), with its share rising as country income increases. These developments pose several questions about environmental sustainability and pollution, as well as their impact on economic growth across countries with different economic development. Thus, the investigation of the causal linkages among alternative sources of energy consumption, CO 2 2 The database was accessed on March 25, 2014. 3 We have ensured that in the construction of the aforementioned 5 subcategories of energy consumption there is not any double-counting (i.e. overlapping).
emissions and economic growth across countries of different income groups is of paramount importance and which we explore in detail below.
[Insert Figure 1 here] [Insert Table 3 here]
Panel unit root tests
The first step for the investigation of causality is to determine whether the series has any integration orders. For this purpose, this study employs panel unit root tests developed by Levin et al. (2002) 
where Y it is a vector of our key endogenous variables: energy consumption per capita growth, CO 2 emissions per capita growth and real GDP per capita growth. The LLC (2002) assumes that the persistence parameters ρ i are identical across crosssections (i.e., ρ i = ρ for all i), whereas the lag order p i may freely vary. This procedure tests the null hypothesis ρ i = 0 for all i against the alternative hypothesis ρ i < 0 for all i. Rejection of the null hypothesis indicates a possible panel integration process.
The IPS (2003) test, which is also based on Eq.
(1), differs from the LLC test by assuming ρ i to be heterogeneous across cross-sections. The IPS tests the null hypothesis H 0 : ρ i < 0 against the alternative hypothesis H 1 : ρ i < 0, (i = 1, ..., N 1 ); ρ i = 0, (i = N 1 , ..., N ) for all i. Acceptance of the alternative hypothesis allows the individual series to be integrated.
The LLC and IPS tests were executed on data both in levels and first differences of the natural logarithms, and results were reported in Table 4 . It is evident that all of the variables are stationary in first differences, while the level results indicate the presence of a unit root.
[Insert Table 4 here]
Panel Granger-causality
Next we examine the direction of causality among GDP per capita growth, energy (and its subcomponents) per capita consumption growth and CO 2 emissions per capita growth in a panel context. The Granger causality test is as follows:
where index i refers to the country (see Table 2 ), t to the time period (t = 1, ..., T ) and l to the lag. ∆ ln G denotes the real GDP per capita growth, ∆ ln EC denotes energy (and its subcomponents) per capita consumption growth, and ∆ ln CO2 denotes CO 2 emission per capita growth, and ε 1it , ε 2it and ε 3it are supposed to be white-noise errors. According to model (2), for instance, in country group i there is Granger causality running only from EC to G if in the first equation not all γ 1i 's are zero but all β 1i 's and δ 1i are zero. The Chi 2 statistic tests the null of no causal relationship for any of the cross-section units, against the alternative hypothesis that causal relationships occur for at least one subgroup of the panel. Rejection of the null hypothesis indicates that e.g. EC Granger causes G for all i.
Panel VAR approach
The PVAR methodology, originally developed by Holtz-Eakin et al. (1988) , combines the traditional VAR approach, which treats all the variables in the system as endogenous, with the panel-data approach, which allows for unobserved individual heterogeneity. In its general form, our model can be written as follows:
where Y it is a 1 × 3 vector of our three key endogenous variables, namely: (i) energy consumption per capita growth, (ii) CO 2 emissions per capita growth and (iii) real GDP per capita growth. ∆ ln denotes the first difference of the natural logarithm. The autoregressive structure allows all endogenous variables to enter the model with a number of j lags. The optimal lag-length is determined by the Akaike Information Criterion (AIC) and the Bayesian Information Criterion (BIC). X it is a 1 × 3 vector of the exogenous variables (commonly used in endogenous growth models) comprising: (i) labour force participation rate, capturing labour input, (ii) gross fixed capital formation as a % of GDP, measuring capital input, and (iii) imports plus exports over GDP, capturing the degree of openness. The inclusion of these control variables is to avoid any potential omitted variable bias.
The advantage of the PVAR is the same as the advantage of any panel approach; i.e., it allows for the explicit inclusion of country fixed-effects in the model, denoted µ i , which capture all unobservable time-invariant factors at a country level. This is important for our purposes as inclusion of these fixed-effects allows each country to have a country specific level of each of the factors in the model, and, in addition, to capture other timeinvariant factors, such as country size. However, inclusion of country fixed-effects presents an estimation challenge, which arises in any model which includes lags of the dependent variables: the fixed-effects are correlated with the regressors and, therefore, the meandifferencing procedure commonly used to eliminate country fixed effects would create biased coefficients. To avoid this problem we use forward mean-differencing, also referred to as the 'Helmert procedure' (Arellano and Bover, 1995) . This procedure removes only the forward mean, i.e., the mean of all the future observations available for each countryyear. This transformation preserves the orthogonality between transformed variables and lagged regressors, which allows us to use lagged regressors as instruments and estimate the coefficients by system GMM. Our PVAR estimation routine follows Holtz-Eakin et al. (1988) and Love and Zicchino (2006b) .
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Another benefit of the panel data is to allow for time fixed effects, λ t , which are added to model (3) to capture any global (macroeconomic) shocks that may affect all countries in the same way. For example, time fixed effects capture common factors such as key global risk factors. To deal with the time fixed effects, we time difference all the variables prior to inclusion in the model, which is equivalent to putting time dummies in the system.
The prime benefit of the PVAR is to allow the evaluation of the effect of the orthogonal shocks i.e., the impact of a shock of one variable on another variable, while keeping all other variables constant. This is accomplished with the use of panel impulse-response functions, which identify the reaction of one variable to the innovations in another variable in the system, while holding all other shocks equal to zero. However, since (i) the actual variance-covariance matrix of the errors is unlikely to be diagonal (e.g. errors are correlated), (ii) the results of the panel Granger causality tests revealed multidirectional causality among our variables and (iii) given that any particular particular ordering of the variables in our PVAR model would be hard to justify, we use generalised PVAR framework (in the spirit of Koop et al., 1996; Pesaran and Shin, 1998) , in which forecast error variance decompositions are invariant to the ordering of the variables.
In order to get a more complete picture of the dynamic interactions among energy consumption, economic growth and CO 2 emissions, we perform a panel generalised impulseresponse function (PGIRF) analysis, in order to assess the speed of adjustments to shocks originating in our aforementioned three variables. The panel generalised impulse response function analysis employed, which is based on Koop et al. (1996) and Pesaran and Shin (1998) , provides a natural solution when theory does not provide a clear cut guidance on the identification of the aforementioned endogenous variables, as discussed above. Moreover, the PGIRFs are also decomposed into the responses of shocks to specific variables by taking out from the PGIRFs the effects of shocks to all other variables (Koop et al., 1996) , which gives us further insights into the transmission mechanisms of the energygrowth-emissions nexus.
Empirical findings
Panel causality tests
We begin our analysis by focusing on panel Granger causality tests, discussed in Section 3.3 above, among different groups of countries. In particular, we adopt World Banks classification of countries by virtue of their income, which basically entails five groups. These groups are (i) all countries, (ii) low income countries, (iii) lower-middle income countries, (iv) upper-middle income countries and (v) high income countries. What is more, in each panel, we consider 6 different types of energy consumption; namely, (i) total energy consumption (EC), (ii) electricity consumption (ELEC), (iii) oil consumption (OILC), (iv) renewable energy consumption (REC), (v) natural gas consumption (GASC), and (vi) coal consumption (COALC). Results are given by table 5.
[Insert Table 5 here] According to these results, some interesting patterns are revealed. First, total energy consumption along with electricity and oil consumption Granger-cause economic growth in almost all country groupings, while renewable energy consumption does not Granger-cause economic growth in any of the country groupings. Second, CO 2 emissions Grnager-cause economic growth only in the high income countries. Third, economic growth, in general, Granger-causes total energy (and it subcomponents) consumption in every country grouping, while CO 2 emissions Granger-cause total energy consumption, electricity and oil consumption only in high income countries. Fourth, economic growth Granger-causes CO 2 emissions in all country groups apart from lower middle income countries. Fifth, total energy consumption, electricity and oil consumption Granger-cause CO 2 emissions in lower middle income, upper middle income and high income countries, while renewable energy consumption, as expected, is pollutant free as it does not Granger-cause CO 2 emissions across all country groups, apart from that in high income countries, albeit at the 10% level of significance. Finally, the evidence of a three-way (i.e from EC to G, EC to CO 2 , G to EC, G to CO 2 , CO 2 to G and from CO 2 to EC) Granger causality in many of the country groups, motivates the use of generalised forecast error variance decomposition in our impulse response analysis below (for more details, please refer to the next section).
In particular, concentrating on the first column of Table 5 we are able to extract information relating to the effect of each type of energy consumption on economic growth. We notice that EC causes growth only in upper-middle and high income countries. However, this result is rather generic and fails to capture specific differences in energy consumption among the different country classifications. To this end, we proceed with decomposing our results into the various types of energy consumption. In turn, we notice that ELEC causes growth only in low and lower-middle income countries. On the other hand, OILC appears to cause growth in lower and upper-middle, as well as, high income countries. What is more, we cannot find any effect of REC on growth. Apparently, GASC causes growth only in the high income group. Finally, COALC causes growth only in the lower-middle income countries. Adding CO 2 emissions to our analysis (see columns two and three of Table 5 ); we notice that CO 2 emissions significantly drive growth in the high income group. Furthermore, considering CO 2 emissions and energy consumption in tandem, we ascertain that growth in both the upper-middle and the high income countries is significantly driven both by CO 2 emissions and energy consumption. On the basis of these results, we provide evidence that causality runs from energy consumption to economic growth; although, as we show later in this section, causality between the two is rather bilateral. Apparently, this evidence holds considering most types of energy consumption, as well as, most groups of countries. Nonetheless, it should be emphasized that there is no direct statistically significant impact of REC on growth for any group of countries. Despite the fact that REC is a key factor for energy security and environmental sustainability, apparently, it does not promote growth. In this regard, we cannot report any causality running specifically from REC to growth for any of the groups. Our findings further indicate that CO 2 emissions appear to be an integral part of the growth process. Overall, we provide evidence of the existence of a rather monotonically increasing EKC. This is also supported by Figure 2 , which presents the EKC based on a scatter plot of 1971-2011 average values between real GDP per capita and CO 2 emissions per capita. In particular, it is evident from this figure that CO 2 emissions increase with the level of development.
[Insert Figure 2 here] Turning to the effects of growth on the various types of energy consumption, initially we concentrate on the fourth column of Table 5 . Obviously, statistically significant relationships suggest that growth leads to the consumption of energy in almost all groups of countries and for any type of electricity consumption, with the exception of GASC and COALC. In other words, we find that, for most types of energy consumption and groups of countries, causality runs towards energy consumption as well. If we combine this piece of information with the results presented earlier in this section we can deduce that there is in fact a strong case for the feedback hypothesis of causality between energy consumption and growth. Nevertheless, if we concentrate on REC, then we notice that causality only runs from growth to REC implying that it is rather the conservation hypothesis of causality which qualifies in the case of REC. The fifth column of Table 5 shows that CO 2 emissions are conducive to energy consumption in all high income countries, with the exception of REC. Most importantly, considering the effects of both CO 2 emissions and growth on all types of energy consumption (i.e. column 6) we show that in lower, upper-middle and high income countries energy consumption is mainly caused by these effects.
Nevertheless, the picture becomes clearer when we look at the effects of growth and energy consumption on CO 2 emissions. In columns seven, eight and nine of Table 5 , we notice that with the exception of low income countries, the process of growth and energy consumption has a statistically significant effect on CO 2 emissions. Apparently, in this group of countries, there can be no further growth without CO 2 emissions. In addition, looking closely at columns one and eight of Table 4 , we notice that (REC) is not conducive to growth and it does not produce any CO 2 emissions. At the same time though, it is obvious that in all groups of countries it is only the polluting types of energy consumption which lead to growth.
In the section that follows, we present impulse response functions (IRFs) per group of country in order to get a more complete picture regarding the interrelation of different types of energy and growth.
Impulse response functions
In this section, we present the results of the panel generalised impulse responses functions discussed in Section 3.4. We begin with the discussion of the results based on the full sample of countries and then examine whether the results differ among subgroups of countries classified according to their level of income. Figure 3 presents the panel generalised impulse responses functions for the full sample of countries. On general principles, we find positive and statistically significant results that are quite similar irrespective of the type of energy source, with the exception of REC. In particular, we notice that innovations in most types of energy consumption have a positive impact on growth. The same holds true for the effect of CO 2 emissions on growth. At the same time, both growth and CO 2 emissions have a positive effect on most types of energy consumption. Finally, results show that growth, as well as, most types of energy consumption positively affect CO 2 emissions. With regard to REC, we can only report that growth responds positively and statistically significantly only to CO 2 emissions, while the reverse is also true. We cannot report any statistically significant evidence that growth responds in any way to consumption of renewable energy. In addition, there is not any statistically significant indication that growth exerts positive impact on REC.
[Insert Figure 3 here] With reference to the magnitude of the relevant statistically significant IRFs we find that a positive shock in COALC has a smaller impact on growth compared to other types of energy consumption. What is more, a positive change in economic growth exerts a smaller relative effect on both GASC and COALC. It is also worth noting that a positive change in OILC has a stronger relative impact on CO 2 emissions. At the same time, a positive shock in CO 2 emissions exercises a stronger relative impact on OILC.
These findings strengthen our initial view that growth is in fact closely linked to environmental pollution. However, in order to attain a better understanding, it would be instructive at this point to investigate IRFs by group of country. First we turn to low income countries. Results relating to IRFs in low income countries are presented in Figure 4 .
[Insert Figure 4 here]
We notice that as in the case of the full sample of countries all statistically significant effects are positive. What is more, we find that REC, GASC, as well as, COALC, do not have any effects on either growth or CO 2 emissions. At the same time, these three sources of energy do not appear to influence CO 2 emissions as well. On a final note it is perhaps not surprising for this particular type of country considering the EKC hypothesis that growth has a statistically significant impact on CO 2 emissions. This is actually true irrespective of the type of energy consumption under consideration.
Turning to the magnitude of statistically significant IRFs we notice that compared to its effects on any other type of energy consumption, a positive shock in economic growth has a very strong positive impact on OILC. Furthermore, compared to other types of energy consumption, CO 2 emissions appear to have a very strong impact on OILC, while in the case of COALC a positive change in economic growth has a very strong relative impact on CO 2 emissions.
Next, we focus on lower-middle income countries. Results are shown in Figure 5 .
[Insert Figure 5 here] Prominent among our results is the fact that COALC aside, all other types of energy consumption appear to exert positive impact on growth. Nonetheless, it should be noted that effects from both REC and GASC on growth are barely statistically significant.
It is also worth mentioning that for this specific group of countries REC also responds positively to a positive shock in growth; however this response is relatively short-lived. Finally, evidence shows that there is no significant effect of growth on GASC.
The magnitude of the statistically significant IRFs for this particular group of countries -illustrated in Figure 5 -reveals that a positive change in ELEC has a stronger relative impact on economic growth, while, at the same time, economic growth appears to have a stronger relative impact on both ELEC and OILC. We also notice that, in contrast with all other types of energy consumption, positive changes in CO 2 emissions have a stronger impact on OILC, while the reverse is also true.
We then concentrate on upper-middle income countries. Results are displayed on Figure 6 .
[Insert Figure 6 here] Similarly to the previous group, growth does not seem to receive any significant effect from REC, GASC, as well as, COALC; although with the exception of REC, both GASC and COALC respond positively to positive changes in growth. Furthermore, for all types of energy consumption growth appears to be conducive to CO 2 emissions. Consistent with results reported for all other groups of countries, positive changes in REC do not trigger any responses from CO 2 emissions.
As far as the magnitude of the statistically significant IRFs for this group of countries is concerned, we observe that positive changes in economic growth have a stronger relative impact on both ELEC and OILC. It should also be noted that in the case of COALC, economic growth has a stronger relative impact on CO 2 emissions. What is more, as has already been noted for all of the previous groups of countries, positive changes in CO 2 emissions have a stronger relative impact on OILC, while the reverse is also true.
Finally, we consider high income countries. The results for this group of countries are presented in Figure 7 .
[Insert Figure 7 here] As far as the effects on growth are concerned, we cannot really report any significant differences to all other cases. In particular, we notice that equally to all other groups of countries, changes in REC and COALC do not have a statistically significant effect on growth. Apparently, for high income countries, GASC is significantly affecting growth. Finally, as in all previous cases considering all different groups of countries and all types of energy consumption, growth statistically significantly affects CO 2 emissions.
With regard to the magnitude of the statistically significant IRFs of this particular group of countries we notice that a positive shock in ELEC exerts a stronger effect on economic growth compared to shocks in other types of energy consumption. As has been previously reported, in the case of COALC, economic growth has a stronger relative impact on CO 2 emissions. What is more, the relationship between CO 2 emissions and OILC appears to be again bidirectional and greater in magnitude compared to the relationship between CO 2 emissions and other sources of energy consumption. On a final note, positive changes in economic growth have a relatively stronger impact on OILC.
Summarising these results we are able to draw very useful conclusions. To begin with, it is important to note that IRFs reflect positive statistically significant responses of all the variables of the system to respective innovations. Furthermore, responses appear to be quite similar among the groups. It should be noted though, that if we consider the magnitude of these responses, we notice that there are certain differences among the various groups of countries. In turn, we notice that growth is conducive to CO 2 emissions and this is true irrespective of the particular group of country under investigation. What is also true for all groups of countries is the fact that COALC is losing its importance as an energy source. This could be indicative of a recent trend in both developed and developing countries to produce oil and natural gas via the method of fracking as opposed to the emission-intensive source of coal (see, inter alia Howarth et al., 2011; Yang et al., 2012; Chen and Golley, 2014) . A final issue that deserves mention is that focusing on the REC-growth nexus, IRFs indicate that REC does not instigate growth in any of the groups under investigation. Findings relating to REC are in line with Ocal and Aslan (2013) who report that there is negative impact of REC on economic growth. What is more, Ocal and Aslan (2013) provide evidence in support of the conservation hypothesis, while at the same time, they stress the fact that renewable energy is an expensive energy resource especially for developing countries. Re-iterating a point made in the previous section, these results pose a criticism of the inverted U-shaped EKC. To be more explicit, according to our results, countries cannot simply grow out of environmental pollution, as, apparently, the process of growth even at advanced stages of economic development inevitably entails the degradation of the physical environment.
Furthermore, these findings question the efficacy of government policies initiated in various countries to the effect that REC can be promoted as a substitute for non-renewable sources of energy, sufficient to promote growth. Such policies might include, among others, tax credits for the production of renewable energy, certain reimbursements for installing renewable energy systems, as well as, the establishment of a market for renewable energy certificates (see Payne, 2012, 2014) . In the light of our findings, should greater use of renewable energy sources be promoted in countries who plan to sustain their current growth pace? Arguably, REC is important when the discussion revolves around the sustainability of the environment, the necessity for fewer greenhouse gas emissions or even the dependency of some nations on imports of energy; however, is there a case for any group of countries to adopt REC-intensive technologies when the goal is unrelenting growth? Dincer (2000) investigating the relationship between renewable energy and sustainable development puts forward the argument that -although sustainable development should be predicated upon the unremitting supply of energy deriving from renewable resources -additional research and development is required to the effect that the actual economic and environmental benefits of renewable energy resources can be more accurately assessed.
In many respects, our findings manage to steer the discussion towards the very topical issue of whether societies should impose limits to growth or not. According to authors such as Galli et al. (2012) , Hoekstra and Wiedmann (2014) , as well as, Weinzettel et al. (2014) the current environmental footprint poses a material challenge to the capacity of the natural environment to assimilate waste. Decomposing environmental footprint into its main elements, these authors argue that overproduction in developed societies results not only to higher greenhouse gas emissions (i.e. carbon footprint) and depletion of fresh water resources (i.e. water footprint), but also, to an over-exploitation of biologically productive land in general (i.e. ecological footprint). In this regard, it is of cardinal importance for current generations to carefully decide upon the desired path of sustainable growth. This discussion is also closely related to the rebound effect argument, according to which even more efficient and more energy-saving technologies do not necessarily lead to reduced energy consumption and thus do not necessarily alleviate environmental concerns (see, inter alia, Bentzen, 2004; Jin, 2007; Sorrell and Dimitropoulos, 2008; Wang et al., 2014a,b) . By all accounts, achieving sustainable growth appears to be a rather cumbersome task.
Thought provokingly, the answer may not even be that of sustainable growth. To be more explicit, findings give outright prominence to alternative paradigms, such as those of degrowth and a-growth. With regard to degrowth, (Kallis, 2011, p. 874) explains that this is 'a socially sustainable and equitable reduction of society's throughput'. Throughput, defined by Daly (1996) as the material and energy required by contemporary societies for the production, distribution, as well as, consumption of goods and assimilation of waste, has to be reduced in order for environmental degradation to be kept within specific limits and to start decelerating (Kallis, 2011) . It follows that degrowth, contrary to sustainable growth, cannot occur within a framework of rising GDP. The paradigm of a-growth, on the other hand, can be described as even more radical one, as it implies that societies should concentrate solely on rigorous environmental policies disregarding the effects this might have on the future levels of GDP (van den Bergh, 2011) .
Although a thorough analysis of both degrowth and a-growth falls beyond the scope of this study, it should be noted that these concepts are particularly complex, as they involve a generalised deviation from the standard practices of the capitalist economy which qualify GDP as a suitable measure of social welfare (van den Bergh, 2011; van den Bergh and Kallis, 2012; Bauhardt, 2014; Buch-Hansen, 2014; Videira et al., 2014) . Nonetheless, both paradigms should be emphasized as alternative routes to current production patterns, particularly in the absence of the inverted U-shaped EKC.
In retrospect, we provide evidence that causality between growth and energy consumption runs both ways; that is, we provide evidence that the feedback hypothesis of causality is in play. If however, we focus specifically on causality between REC and growth we find that it is rather the conservation hypothesis which best describes the state of this particular affair. In this respect, our findings contradict Apergis and Payne (2012) who opine that both non-renewable and renewable sources of energy are conducive to economic growth and that there is in fact a high degree of substitutability between the two types. With reference to specific types of energy we notice that OILC and GASC are significant factors of growth especially for middle and high income countries. At the same time, COALC does not appear to be a significant driver of growth in these countries. Prominent among our results though, is the fact that economic growth is closely linked to the greenhouse effect (see column seven of Table 4 ), strongly suggesting that we could not argue in favour of the inverted U-shaped EKC hypothesis. In this regard, countries are faced with a ethical dilemma on whether or not they should promote REC given that on one hand, it promotes environmental sustainability, but on the other, it does not promote growth.
Summary and concluding remarks
In this study, we investigate the complex and intricate linkages between economic growth, energy consumption and CO 2 emissions, for 106 countries which are classified into distinct groups in virtue of their income. In addition, energy consumption is decomposed into various types, including renewable energy consumption (REC), electricity consumption (ELEC), oil consumption (OILC), natural gas consumption (GASC) and coal consumption (COALC). We implement a PVAR approach along with panel impulse response functions in order to identify the direction of causality that characterises and explains developments in the aforementioned variables, as well as to examine the short-run and long-run effects of shocks originating in the aforementioned variables. In this regard, the main contribution of the study is the investigation of this particular nexus for different groups of countries and different types of energy consumption.
The underlying objectives of the study relate to the investigation (i) of whether our findings provide support for any of the existing hypotheses pertaining to the growth-energy consumption nexus; namely, the growth, the conservation, the feedback, as well as, the neutrality hypothesis, (ii) of whether there are any types of energy consumption which are not conducive to growth whatsoever, (iii) of the argument that REC can indeed constitute a reliable (in terms of its impact on the process of growth) substitute for non-renewable sources of energy, (iv) of the existence or not of the inverted U-shaped EKC.
Our findings suggest that the effects of the various types of energy consumption are heterogeneous on the various groups of countries. We also find that coal consumption is apparently losing its importance as an energy source. What is more, causality between economic growth and energy consumption is bidirectional, thus making a case for the feedback hypothesis. However, we cannot report any statistically significant evidence that renewable energy consumption in particular is conducive to economic growth, a fact that weakens the argument that renewable energy consumption is able to promote growth in a more efficient and environmentally sustainable way. Finally, in analysing the case for an inverted U-shaped EKC, we find that the continued process of growth aggravates the greenhouse gas emissions phenomenon. In this regard, we cannot provide any evidence that developed countries may actually grow-out of environmental pollution.
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